The progression of spermatogenesis involves global changes in chromatin structure and conformation. However, our understanding of the regulation of chromatin changes in germ cells remains limited. Here we describe both in vivo RNA interference and genetic mouse knockout studies that identify a critical role for Yin Yang 1 (YY1) in mammalian spermatogenesis. In the YY1-deficient spermatocytes, we find a significant decrease in the global level of the heterochromatin markers (H3K9me3 and HP1-gamma) and a concomitant increase in the double-strand break (DSB) signals on chromosomes (gamma-H2AX, terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling, and Rad51) at the leptotene/zygotene stages of spermatocytes. These findings support a link between chromatin modifications and meiotic DSB formation, as has been seen in other model organisms. We propose that a depletion of YY1 may alter the structural integrity of heterochromatin, rendering it more accessible to the DSB machinery. In addition, YY1-deficient spermatocytes show univalent formation, increased aneuploidy, and pachytene cell death, which are likely due to defects in DNA repair. Taken together, this study identifies an important role for YY1 in mouse meiosis and provides new insight into mechanisms that regulate mammalian spermatogenesis.
Meiosis is a specialized cell division in which two rounds of nuclear divisions succeed a single round of DNA duplication: the first division segregates homologous chromosomes, and the second division segregates sister chromatids, producing four haploid gametes (45) . Before these divisions, homologous chromosomes are paired and held together by the synaptonemal complex (SC), and the exchange of genetic information occurs through meiotic recombination. Meiotic recombination begins with the programmed double-strand breaks (DSBs) (9, 60) , followed by a specialized DSB repair mechanism using the homologous chromosomes as templates, and ultimately generates the crossovers between homologs for proper segregation. Work with a variety of model organisms has defined the importance of the core meiotic recombination components, the lack of which commonly lead to aneuploidy and cell death (25, 30) .
YY1 is a ubiquitously expressed and multifunctional zincfinger transcription factor and also a member of the evolutionarily conserved Polycomb group (PcG) protein family that plays critical roles in the maintenance of cell identity during development and differentiation through gene silencing (43) . In vivo studies show that mammalian development and homeostasis are highly dependent on the dosage of the YY1 gene (1) , and constitutive knockout of the YY1 gene in mice results in embryonic lethality around the peri-implantation stage (14) . Recently, YY1 has been shown to play a role in B-cell lineage commitment. B-cell-specific deletion of the YY1 gene in mice leads to a severe defect in V-to-DJ recombination at the immunoglobulin heavy-chain locus, which blocks the developmental transition from the progenitor B-cell to the precursor B-cell stage (31) . In addition, YY1 has been identified as a lineage-specific transcriptional modulator during oligodendrocyte differentiation, regulating the transition from the progenitor to the myelin-forming cell (24) .
Multiple studies with animal or tissue culture models have demonstrated an essential role for YY1 in cell proliferation, where YY1 is involved in the transcriptional regulation of a large number of genes essential for cell cycle progression and apoptosis (3, 6, 7, 14) . There are also studies linking YY1 to DNA damage response and DNA repair pathways, independent of its transcriptional function. For example, YY1 regulates p53 homeostasis through promoting Hdm2-mediated p53 polyubiquitination (23, 59) . Overexpression of YY1 in HeLa cells stimulates PARP-1 enzymatic activity, resulting in accelerated DNA repair (41, 42) .
Recently we and others showed that both the drosophila and mammalian YY1 proteins physically interact with the ATPdependent chromatin remodeling INO80 complex (8, 28, 63) and that together they participate in the maintenance of chromosomal stability and homologous recombination DNA repair in a tissue culture model. However, whether this newly identified role of YY1 in DNA repair has any physiological significance remains unclear. Therefore, we explored YY1 function in mammalian meiosis to address whether YY1 is essential for meiotic homologous recombination DNA repair and to discover other unidentified functions of YY1.
MATERIALS AND METHODS
Generation of the floxed YY1 conditional knockout mice. The generation of the loxP-flanked yy1 allele (hereinafter called yy1 f ) was described previously (1) . Generation of the CD21-Cre3A transgenic mice has been described (29) . All mice were bred and maintained under specific-pathogen-free conditions at the animal facility of Harvard Medical School. All mouse protocols were approved by the Harvard Medical School IACUC. Mice are maintained on a mixed background of 129SvEv ϫ C57BL/6. Histological analysis and TUNEL assay. Animals were killed by cervical dislocation. Testis epididymides and seminal vesicles were examined and weighed. From each male, we fixed one testis and epididymis in Bouin's fixative for 24 h at room temperature and the other testis in phosphate-buffered formalin for 24 h at 4°C. Subsequently, organs were embedded in paraffin. Mounted sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin. For terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) analyses, formalin-fixed sections were mounted on glass slides coated with a 2% solution of 3-aminopropyltriethoxysilane in acetone, deparaffinized, and pretreated with proteinase K (Sigma) and peroxidase (20) . Slides were subsequently washed in terminal deoxynucleotidyl transferase (TdT) buffer (100 mM cacodylate buffer, 1 mM CaCl 2 , 0.1 mM dithiothreitol at pH 6.8) for 5 min (22) and incubated for at least 30 min at 25°C in TdT buffer containing 0.01 mM biotin-16-dUTP (Roche Diagnostics) and 0.4 U/l TdT enzyme (Promega). The enzymatic reaction was stopped in TB buffer (300 mM NaCl, 30 mM Na citrate at pH 7.0), and the sections were washed. Slides were then incubated with StreptABComplex-horseradish peroxidase conjugate (Dako) for 30 min and washed in phosphate-buffered saline (PBS). dUTP-biotin-labeled cells were visualized with 3,3Ј-diaminobenzidine tetrahydrochloride-metal concentrate (Pierce). Next, we counterstained the sections with hematoxylin and counted the number of TUNEL-positive cells per cross-sectioned tubule.
Cytology, IHC, and meiocyte spreading. Paraffin and frozen sections of mouse testis (37) , and dry-down (50) or squash (44) preparations of testicular cell suspensions were prepared, incubated for immunocytochemistry, and analyzed as described previously (16, 37) . All immunohistochemical (IHC) staining was performed with the serial dilutions of each antibody for the semiquantitative comparison of signal intensities. Antibodies used in this study are as follows. Anti-phospho-histone H2A.X (Ser139) (JBW301), anti-HP1 beta (1MOD-1A9), and anti-HP1 gamma (2MOD-1G6) were purchased from Millipore. Anti-Rad51 (H92) and anti-YY1 (H10 and H414) antibodies were purchased from Santa Cruz Biotechnology. Anti-SCP1 (ab15090), anti-SCP3 (ab15092), anti-H3K27me3 (ab6002), anti-H3K9me2 (ab1220), and anti-H3K9me3 (ab8898) antibodies were purchased from Abcam.
DNA injection and electroporation of testis. Swiss Webster mice purchased from Taconic were used for in vivo DNA electroporation. Male mice at 21 days postpartum were anesthetized with Nembutal solution. Testes were pulled out from the abdominal cavity or scrotum, and approximately 2 l of plasmid DNA solution was injected into the rete testis using glass capillaries under a binocular microscope as previously described (58) . Electric pulses were delivered with an Electrosquare Porator T820 electric pulse generator (BTX). Testes were directly held between a pair of CY650P5 tweezer-type electrodes (Unique Medical Imada, Japan). Square electric pulses were applied twice and again twice in the reverse direction at 30 V for 50 ms for each pulse. The testes were then returned to the abdominal cavity, and the abdominal wall and skin were closed with sutures.
Flow cytometry. The seminiferous tubules of decapsulated testes were dissociated with collagenase, and single-cell suspensions were obtained by trypsin treatment. For immunostaining of SCP1 and SCP3, cells were fixed with 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100 in PBS, and then immunostained with primary antibodies followed by Alexa 546-conjugated goat anti-rat immunoglobulin G or Alexa 546-conjugated goat anti-rabbit immunoglobulin G (Molecular Probes). For cell cycle analysis, cells were fixed with 4% paraformaldehyde in PBS followed by 70% ethanol and stained with 20 g/ml propidium iodide in PBS containing 400 g/ml RNase A. The samples were analyzed using a FACSCalibur flow cytometer and the Cell Quest software program (Becton Dickinson). Arithmetic means were used to compare the relative amounts of signals in each gated region.
RESULTS
YY1 localizes to heterochromatin of spermatocytes in mouse testis. The YY1 protein is ubiquitously expressed in the somatic tissues of developing mouse embryos (14) , and its nuclear localization has been found in numerous established cell lines, including HeLa, WI38, and human and mouse teratocarcinoma cells (56, 63) . High levels of YY1 expression are usually associated with rapid cellular proliferation, consistent with its essential function in cell cycle regulation (1, 14) .
While the YY1 role in the soma has been widely studied, little is known about its function in germ cells, the cell type that undergoes meiosis. In this study, we identified a distinct expression pattern of YY1 during spermatogenesis by immmunohistochemistry, with a monoclonal YY1 antibody (H10; Santa Cruz Biotechnology) on testicular sections from juvenile and adult mice (Fig. 1A and B) . YY1 is highly expressed in pachytene spermatocytes and at a lower level in zygotene spermatocytes but is not present in leptotene spermatocytes and postmeiotic cells. YY1 is also expressed in spermatogonia at various levels, depending on the stages of seminiferous tubules. A similar immunostaining pattern was observed with a polyclonal YY1 antibody (H414; Santa Cruz Biotechnology) (data not shown). In contrast, these stainings were absent in YY1-deficient spermatogonia and spermatocytes, validating the specificity of the YY1 antibodies we used in this study. Strong YY1 expression appeared in the testes of 3-week-old animals ( Fig. 1B-1) , a time when the first wave of spermatogenesis reaches the end of meiotic prophase and yields a high percentage of spermatocytes in the testis. At 4 weeks of age ( Fig. 1B-2 ) and in adults (Fig. 1B-3 ), a high level of YY1 gene expression was still observed in spermatocytes, specifically pachytene cells, but not in round spermatids or spermatozoa ( Fig. 1A and B) . In addition to germ cells, the supporting cell lineages, i.e., the Sertoli cells and interstitial Leydig cells, were also positive for YY1 staining (Fig. 1A and B) .
By immunostaining the meiocyte spreads with a YY1 antibody in combination with SCP3 (Fig. 1C) or gamma-H2AX labeling (Fig. 1D) , we found that the YY1 signal was below the level of detection in the leptotene spermatocytes ( Fig. 1D-1 ), low but visible in zygotene spermatocytes, and apparently high on the chromatin of the spermatocytes at the pachytene, diplotene, and diakinesis stages ( Fig. 1C and D-2 ). This is consistent with the immunohistochemical results shown in Fig. 1A and B. Since SCP3 is concentrated at centromeres of spermatocytes during diakinesis and until anaphase I (46), colocalization of YY1 with SCP3 at these stages suggests that YY1 is enriched at centromeres (Fig. 1C-3 and -4). It is also notable that in pachytene spermatocytes, YY1 staining appeared to overlap with the area containing intensive 4Ј,6Ј-diamidino-2-phenylindole signals ( Fig. 1C-2 to -4 and 1D-2), which preferentially label the AT-rich heterochromatic region, including centromeres (2, 18) . Using several reported heterochromatin markers, HP1-beta, H3K9me3 for constitutive heterochromatin (40, 62) , and H3K27me3 for facultative heterochromatin (10, 13, 21), we confirmed that YY1 is colocalized with these markers, suggesting that YY1 is concentrated in heterochromatin of spermatocytes ( Fig. 1E-1 to -3). We failed to observe colocalization between YY1 and another histone marker, H3K9me2, whose signal was absent in the late pachytene cells (data not shown).
These data suggest stage-dependent expression of YY1 during spermatogenesis. Additionally, its heterochromatin localization in spermatocytes raises the possibility that YY1 may play a role in the regulation of chromatin structure during meiotic prophase.
RNAi knockdown of YY1 in mouse testis causes germ cell aneuploidy and univalent formation. To explore the biological function of YY1 in spermatogenesis, we applied in vivo RNA interference (RNAi) to knock down the expression of the YY1
FIG. 1. Immunoanalysis of YY1 expression in mouse testis. (A and B)
Histological sections of formalin-fixed, paraffin-embedded testis from a 60-day-old mouse (magnification: A1 and B1, ϫ100; A2 and B2, ϫ200; A3 and B3, ϫ1,000) were stained with YY1 monoclonal antibody (brown). Arrows show YY1 staining in spermatocytes (Sc), spermatogonia (Sg), Sertoli (Se), and Leydig (Le) cells but not in round spermatids (RS) and spermatozoa (Sz) (arrowheads). (C) Meiocyte spreads from mouse spermatocytes were prepared by the drying-down technique and immunolabeled with YY1 (red) and SCP3 (green) antibodies. YY1 appears in zygotene (Zy), pachytene (P), and late pachytene (late P) spermatocytes (C1 and C2) and persists until the diplotene (Dip) and diakinesis (Dia) stages (C3 and C4). Arrowheads indicate elongated spermatids. (D) Meiocyte spreads from the leptotene (Lep), zygotene (Zy), and pachytene (P) spermatocytes were immunostained with both YY1 (red) and gamma-H2AX (green) antibodies. The arrow indicates the pachytene cell. (E) Meiocyte spreads from pachytene spermatocytes were doubly immunostained with YY1 and indicated antibodies. The arrow indicates the sex body.
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gene in mouse testis. The in vivo RNAi technique provides a rapid tool for studying gene function in specific tissues and at particular developmental stages (58) . To knock down YY1 expression in spermatocytes, we used previously described YY1 short-hairpin RNA (shRNA) constructs (59) . Mice at age 21 days postpartum were used because of their high percentage of spermatocytes in the testes. The shRNA plasmid targeting YY1 was coelectroporated with Pgk2-enhanced green fluorescent protein (eGFP) into testes ( Fig. 2A and B) , where Pgk2 promoter-driven eGFP mainly marks the late spermatocytes and spermatids that take up these plasmids. About 20 to 30% of the total spermatocytes were labeled as GFP positive (Fig.  2C) . The spermatogenic cells are connected through intercellular bridges, by which the cytoplasmic materials are shared between spermatocytes. We observed that spermatocytes and spermatids marked by Pgk2-eGFP were clustered ( Fig. 2C and  D) , with similar levels of green fluorescent protein (GFP) expression and YY1 knockdown efficiency within. This suggests that shRNAs can diffuse or be transported through the cytoplasmic bridges (58) . The GFP-positive cells were immunostained with gamma-H2AX in combination with either YY1 or SCP1 antibodies in order to examine the YY1 level and to determine the spermatocyte stages. We confirmed that YY1 was efficiently knocked down by the shRNA, and Pgk2-eGFP was expressed in the expected population ( Fig. 2E and F) . We then analyzed the DNA content among the GFP-positive cells by flow cytometry 3 days after electroporation (Fig. 2G) , when RNAi inhibition of YY1 reached its maximum (data not shown). In the control experiment with a scramble shRNA plasmid, the overall cytometric profile of meiotic and postmeiotic cell populations was similar to what has been reported previously (4) . Approximately 41.7% of GFP-labeled cells contained 4N DNA content (primary spermatocytes), and 25.5% had 2N DNA content, indicative of secondary spermatocytes that either are in diakinesis or are binuclear cells before cytokinesis. It has been described previously that the high frequency of 2N population may reflect a high incidence of secondary spermatocytes that complete normal nuclear divisions but fail to undergo cytokinetic cleavage (abortive cytokinesis) (34) . In addition, 20.1% of GFP-positive cells contained 1N DNA content, representing spermatids. The 10.1% population with DNA content between 2N and 4N (approximately 3N) may mostly represent aneuploidies resulting from spontaneous meiotic defects (15) (Fig. 2G) . In contrast, when YY1 shRNA was introduced, spermatocytes (4N) decreased to approximately 34.0%. Surprisingly, the aneuploidy population with DNA content between 2N and 4N increased by more than twofold in the YY1 knockdown cells (21%) compared with levels in control cells (10.1%), suggesting that YY1 depletion in spermatocytes may impair normal meiotic division. There was an increase of the 2N population in YY1 shRNA-treated testes (30.9%, versus 25.5% for the control), which may have been due to an increase in the secondary spermatocytes remaining in diakinesis or before cytokinesis. These impairments may contribute to the decline of spermatid formation (1N) from 20.1% (scramble shRNA) to 13.4% (YY1 shRNA). A seven-day treatment with YY1 shRNA led to a dramatic reduction of spermatocyte and spermatid populations in testes compared with results for scramble shRNA (Fig. 2H and I ). Late spermatocytes from YY1 shRNA-treated testes exhibited cellular degeneration (Fig. 2I2) , suggesting a disruption of spermatogenesis during late meiotic prophase.
To further understand how YY1 exerts its regulatory role in meiosis, we isolated GFP-positive spermatocytes and analyzed their SC structures for possible meiotic defects associated with YY1 depletion. Coupled with SCP3 and SCP1 immunostaining (Fig. 2J to M) , we observed that a portion of the chromosomes failed to synapse at the chromosomal ends, forming "torch"-like structures in the YY1 knockdown pachytene spermatocytes (Fig. 2L2) . In the diplotene stage, SCP1 was retained on the homologous arms in the YY1-depleted spermatocytes (Fig.  2M2) , suggesting possible SC disassembly failure. In addition, a fraction of homologous chromosomes appeared to be univalents before anaphase, which may be due to the lack of chiasmata to physically link them together (Fig. 2M2) . We noticed that most of the YY1-depleted spermatocytes had more than 20 chromosomes (including paired, unpaired, and broken chromosomes), supporting the finding of univalent formation and aneuploidy. However, the diplotene and metaphase I spermatocytes are rare in the YY1-depleted testes, and this may explain the increased number of abnormal cells with aneuploidy (approximately 3N) in the YY1 knockdown experiments (Fig. 2G) . In fact, a similar aneuploidy defect has been found in YY1
Ϫ/Ϫ mouse embryonic fibroblasts (63) . Impaired spermatogenesis and germ cell loss in YY1-deleted testes. While using the mice carrying the YY1 conditional allele YY1 f/f and the CD21-Cre3A transgene to elucidate the essential role of YY1 during mouse B-cell development (54), we unexpectedly found that the testes from YY1 f/f /Cre (cKO) animals (n ϭ 5) were approximately one-third the size of the testes from their YY1 f/ϩ /Cre (Ctr) littermates (Fig. 3A) . In contrast, there was no apparent difference in testis sizes and fertility between YY1 f/ϩ /Cre mice and wild-type littermates. We thus investigated the testicular phenotype of the YY1 f/f /Cre mice, in comparison with YY1 f/ϩ /Cre mice as controls. Histological analysis of the testes from cKO mouse revealed abnormal tubule structures ( Fig. 3B and C) . The tubules of YY1 conditionally null mice contained apparently visible vacuolar structures with fewer pachytene spermatocytes ( Fig. 3B2 and  C2 ), while the diameters of individual seminiferous tubules from YY1 f/f /Cre animals were comparable to those of YY1 f/ϩ / Cre littermates.
To confirm YY1 deletion in the YY1 f/f /Cre testes, we performed IHC staining with the YY1 antibody and found that YY1 is specifically deleted in both spermatogonia and spermatocytes in a number of the seminiferous tubules of YY1 f/f / Cre mice (Fig. 3E) . A portion of seminiferous tubules in the YY1 conditionally null mice retained YY1 expression in germ cells, which likely resulted from incomplete Cre excision. This type of mosaic deletion by Cre transgenes has been previously found in other testis-specific Cre strains (12) . The YY1 expression in Sertoli and Leydig cells was not affected in YY1 f/f /Cre mice, suggesting the activity of CD21-Cre3A is rather germ cell specific ( Fig. 3D and 3E) . Therefore, the YY1 f/f /Cre mice allowed us to further explore the biological function of YY1 in spermatogenesis and to verify the results from the RNA interference experiments. We were unable to examine the fertility of YY1 f/f /Cre mice due to the premature death at around 3 Because an apparent pachytene cell loss is observed in the YY1 f/f /Cre testis, we wanted to determine what stages of pachytene cells are missing. We therefore stained the testis sections with the antibody against germ cell nuclear antigen (GCNA), which is known to be highly expressed in the early spermatocytes, such as leptotene, zygotene, and early (B and C) Histological sections were stained with hematoxilin and eosin. Testicular histology of 19-day-old control (magnification: B1, ϫ100; B2, ϫ400; B3, ϫ1,000) and conditional knockout (magnification: C1, ϫ100; C2, ϫ400; C3, ϫ1,000) mice is shown. Sg, spermatogonia; LEP, leptotene; Zy, zygotene; P, pachytene. (D and E) IHC staining with YY1 antibody (brown) on the seminiferous tubule from a YY1 f/ϩ CD21-Cre animal (magnification: D1, ϫ100; D2, ϫ400; D3, ϫ600; D4, ϫ1,000) and from a YY1 f/f CD21-Cre mouse (magnification: E1, ϫ100; E2, ϫ400; E3, ϫ600; E4, ϫ1,000). Le, Leydig; Se, Sertoli; Sg, spermatogonia; P, pachytene; Met, metaphase I. pachytene cells, but gradually reduced to a much lower level in the mid-and late-pachytene cells (17) . We found that the majority of the remaining spermatocytes in the YY1 f/f /Cre testis have high levels of GCNA signal, with the patterns indicating that they are leptotene, zygotene, and early pachytene spermatocytes ( Fig. 3G1 and 3G2 ). This result suggests that mid-to late pachytene cells are lost in the YY1 f/f /Cre testis. To confirm this observation, we employed a histomorphometric analysis (Fig. 3H) of the testis sections stained with YY1 antibody. To avoid the mosaicism of YY1 deletion in the YY1 f/f /Cre testes, we counted only the cells in the tubules where all the germ cells lack YY1 expression. Consistently, we observe a dramatic reduction in the number of pachytene cells along their progression (Fig. 3H) , resulting in very few cells reaching the diplotene stage. Interestingly, we found the average number of Sertoli cells per tubule in the YY1 f/f /Cre mice to be slightly higher than that in YY1 f/ϩ /Cre littermates, perhaps due to the lower cell density of spermatocytes in each tubule (Fig. 3I) . In addition, a number of the remaining pachytene cells in the mutant mice had aberrant nuclear morphology ( Fig. 3E3 and 3E4) . Thus, the loss of YY1 mainly caused a defect in spermatogenesis, especially with the degeneration of pachytene spermatocytes. However, we cannot exclude the remote possibility that systematic defects caused by the infidelity of Cre-mediated YY1 deletion in other organs may contribute to the testis phenotypes. Given the similar spermatogenic phenotypes between the cKO and YY1 RNAi-treated testes, it is likely that the spermatogenic defects seen here are largely due to the loss of YY1 in the germ cells.
Inactivation of YY1 resulting in meiotic DSB accumulation in males. To determine whether the degeneration phenotype of pachytene spermatocytes in YY1 f/f /Cre mice was due to cell apoptosis, we carried out the TUNEL assay on testis sections. However, there was no significant increase in the number of cells with typical strong nuclear staining, an indication for apoptotic cells, from YY1 conditionally null testes (Fig. 4A and B) (P Ͼ 0.5). Surprisingly, we found greatly increased dUTP signals along chromosomes in the YY1 f/f /Cre leptotene/ zygotene cells compared to those for the control (Fig. 4A and  B) . It has been shown that the dUTP signal weakly labeled spermatocytes as early as the leptotene stage and up to the zygotene-to-pachytene transition, indicative of meiotic DSBs (35) . Thus, this staining on the chromosomes suggests that there are increased chromosome breaks in the YY1 f/f /Cre testes, which are probably caused by the unusually high level of meiotic DSBs.
We immunostained the testicular sections from YY1 f/f /Cre and YY1 f/ϩ /Cre animals with a gamma-H2AX antibody to analyze the meiotic DSB level. In mouse spermatocytes, gamma-H2AX signal is spatially and temporally linked to meiotic DSBs in leptotene/zygotene nuclei and disappears from synapsed autosomes but remains on the sex chromosomes in the pachytene stage (32) . The intensity of the gamma-H2AX signal was significantly stronger in YY1 f/f /Cre mice than in YY1 f/ϩ /Cre mice, especially in the leptotene/zygotene spermatocytes ( Fig.  4C and D) . This result, together with the observation from the TUNEL assay (Fig. 4A and B) , suggests that meiotic DSBs are accumulated in mutant leptotene/zygotene spermatocytes. In the YY1 f/ϩ /Cre testes, gamma-H2AX signals disappear from the autosomes after the meiotic DSBs are resolved and are restricted to the sex body in the pachytene stage (Fig. 4C) . In YY1-deficient pachytene spermatocytes, we observed persistent, albeit low, levels of gamma-H2AX signals on the autosomes, even though the majority of the staining was confined to the sex body (Fig. 4D) . Consistent with this phenomenon, we also observed residual gamma-H2AX signals along autosomes in the YY1 shRNA-treated pachytene spermatocyte spreads (Fig. 2E and F) . These low-level gamma-H2AX signals are probably caused by chromosomal desynapsis (32) in the YY1-deficient spermatocytes, supporting our RNAi results in which chromosome ends fail to synapse in YY1 knockdown pachytene cells (Fig. 2L2) . However, we cannot rule out the possibility that it could also be caused by failures to repair those meiotic DSBs in the pachytene cells.
We then addressed the question of whether meiotic recombinations were affected in YY1-deficient spermatocytes, using a recombination marker, Rad51. Rad51 is a single-stranded DNA binding protein which is loaded at sites of meiotic DSBs and initiates strand invasion through homologue search (26, 51, 52, 57) . Immunolocalization using anti-Rad51 antibody revealed that the protein is detectable as numerous punctuated stainings associated with the developing synapsis during leptotene/zygotene stages (Fig. 4E) . In YY1-deficient leptotene/zygotene spermatocytes, the level of Rad51 signals was greatly enhanced in comparison with that for the control (Fig. 4E3 and  F3 ), indicating elevated meiotic recombination events. This result, consistent with the findings from the TUNEL assay and gamma-H2AX staining (Fig. 4A to D) , suggests accumulation of meiotic DSBs, which lead to increased meiotic recombinations in mutant leptotene/zygotene spermatocytes. These Rad51 staining patterns declined rapidly in the early pachytene cells from the control animals (Fig. 4E2, arrow) . In contrast, the Rad51 level remained high in the early pachytene cells of YY1-deficient counterparts (Fig. 4F2, arrow) , which may be due to chromosomal desynapsis or failure of the resolution of early recombination nodules (39) .
Defective heterochromatic state in YY1-deficient spermatocytes. It has been shown that heterochromatin is essential to maintain genome stability during male meiosis (49) . YY1 is preferentially colocalized with heterochromatin in the spermatocytes, and HP1 was detected in the YY1 protein complex purified from HeLa cells (data not shown). We were interested f/ϩ CD21-Cre animal (magnification: C1, ϫ100; C2, ϫ400; C3, ϫ1,000) and from a YY1 f/f CD21-Cre mouse (magnification: D1, ϫ100X; D2, ϫ400; D3, ϫ1,000). Lep, leptotene; Zy, zygotene; P, pachytene. (E and F) IHC staining with Rad51 antibody (brown) in the seminiferous tubule from YY1 f/ϩ CD21-Cre animal (magnification: E1, ϫ200; E2, ϫ400; E3, ϫ1,000) and from a YY1 f/f CD21-Cre mouse (magnification: F1, ϫ200; F2, ϫ400; F3, ϫ1,000). Zy, zygotene; EP, early pachytene. f/ϩ CD21-Cre animal (magnification: A1, ϫ200; A2, ϫ400; A3 and A4, ϫ1,000) and from a YY1 f/f CD21-Cre mouse (magnification: B1, ϫ200; B2, ϫ400; B3 and B4, ϫ1,000). Zy, zygotene; MP, middle pachytene. (C and D) IHC staining with HP1-gamma antibody (brown) on the seminiferous tubule from a YY1 f/ϩ CD21-Cre animal (magnification: C1, ϫ200; C2, ϫ400; C3 and C4, ϫ1,000) and from a YY1 f/f CD21-Cre mouse (magnification: D1, ϫ200; D2, ϫ400; D3 and D4, ϫ1,000). Zy, zygotene; MP, middle pachytene. (E and F) IHC staining with H3K9me2 antibody (brown) in the seminiferous tubule from YY1 f/ϩ CD21-Cre animal (magnification: E1, ϫ200; E2, ϫ400; E3, ϫ1,000) and from YY1 f/f CD21-Cre mouse (magnification: F1, ϫ200; F2, ϫ400; F3, ϫ1,000). Lep, leptotene; Zy, zygotene.
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in determining whether YY1 deletion affected heterochromatin integrity. To examine the heterochromatin status in spermatocytes, we stained the testis sections with an anti-H3K9me3 antibody, a repressive histone marker of heterochromatin (33) . In the control section, H3K9me3-labeled heterochromatin was visible in spermatogenic cells, particularly in leptotene/zygotene (Fig. 5A3 ) and early to-mid pachytene (Fig. 5A4 ) cells, whereas only residual staining was detected in the YY1-deficient testis (Fig. 5B3 and B4 ).
To confirm this finding, we performed immunostaining on testicular sections with an antibody for HP1-gamma, which is a critical factor for heterochromatin formation and directly interacts with H3K9me3 (11, 33) . Similar to H3K9me3 staining, HP1-gamma-labeled heterochromatin was prominent in leptotene/zygotene (Fig. 5C3 ) and early to mid-pachytene cells (Fig.  5C4) , whereas little staining was detected in the YY1-deficient testis ( Fig. 5D3 and D4 ). These data suggest that the heterochromatin state may be significantly perturbed in the absence of YY1.
However, in contrast to H3K9me3 and HP1-gamma staining results, we failed to detect much difference between control and cKO testes ( Fig. 5E and F ) of the level of H3K9me2, a repressive histone marker associated with euchromatin (48) . In fact, H3K9me2 nuclear staining was restricted from the leptotene stage until the zygotene stage and absent in pachytene spermatocytes (except for a few sex bodies), suggesting that H3K9me2 has a role different from that of H3K9me3 for meiotic prophase progression (61) .
We speculate that the impairment of the heterochromatic state may result in the overproduction of meiotic DSBs and probably defective synapses and chromosome segregations. However, it is unclear at what point of germ cell development YY1 is inactivated by CD21-Cre3A. The phenotypes presented here, including downregulation of heterochromatin markers and accumulation of DSBs, may be a consequence of the loss of YY1 in spermatocytes and/or in cells at the earlier stages, such as spermatogonia and embryonic germ cells.
DISCUSSION
Using genetic and RNAi approaches, we have identified important biological functions of YY1 in mouse spermatogenesis. Depletion of YY1 causes multiple defects in meiotic DSB formation, synapsis, and recombination, which lead to degeneration of spermatocytes. Our study also suggests a role of YY1 in regulating heterochromatin, where we found that deletion of YY1 was correlated with a reduction of the global H3K9me3 and HP1-gamma levels in spermatocytes. Our findings reveal a novel role for YY1 in meiosis during mammalian spermatogenesis.
Chromatin status and meiotic DSB formation. Multiple lines of evidence suggest a link between chromatin status and meiotic DSB formation in various species (5, 53) . For instance, HIM-17 is required for proper accumulation of H3K9me2 on germ line chromatin in C. elegans. Null mutation of HIM-17 results in an absence of DSBs, supporting the model that HIM-17 promotes DSB formation through effects on chromosome structure. Other recent examples demonstrating the connections between chromatin states and DSB formation include H3K4me3 (which marks DSB hot spots [5] ), H4K16 acetylation (which regulates DSB site distribution [38] ), and H3K36 methylation (which regulates DSB hot spot activities [36] ). The fact that YY1 seems to be localized on the spermatogenic heterochromatin, which is enriched for H3K9me3 and HP1, and that deletion of YY1 in the germ cells leads to the downregulation of these markers suggests that YY1 is important for regulating heterochromatin in meiotic cells.
Our finding that formation of meiotic DSBs was abnormally increased in YY1 knockout spermatocytes at the leptotene/ zygotene stages, in conjunction with decreased levels of H3K9me3 and HP1-gamma (Fig. 5) , would also suggest a potential link between these two processes in mammals. Given that heterochromatic regions largely exclude DSB formation as well as gamma-H2AX labeling (27) , we propose that the reductions of H3K9me3 and HP1-gamma may alter the structural integrity of heterochromatin, rendering it more accessible to the DSB machinery. However, we cannot rule out the possibility that YY1 might regulate both events independently.
YY1 and meiotic DSB repair. YY1 has been shown to play an essential role in repairing DNA damage through homologous recombination in mammalian cell lines (63) . In a reporter assay designed to measure the efficiency of DSB repair by homologous recombination on chromosomes, YY1-deficient cells failed to resolve the introduced DSBs. Consistently, YY1 forms a stable protein complex with INO80, which is known to directly participate in homologous recombination-mediated DNA repair in a number of model organisms (19, 55) . Therefore, we speculate that YY1 may also be involved in meiotic DSB repair through homologous recombination. Because a failure of meiotic DNA repair can cause univalent formation at diakinesis (47) , the presence of univalents in YY1 knockdown spermatocytes is consistent with this possibility. The univalent formation can lead to the occurrence of aneuploidy in progenies. We observed increased amounts of aneuploidy (approximately 3N in DNA content) in YY1 knockdown spermatocytes, which is consistent with the hypothesis that YY1 takes part in meiotic DSB repair.
In sum, with both in vivo and in vitro approaches, we have demonstrated that YY1 plays a role both in the regulation of chromatin in the spermatogenic cells and in DSB formation during meiosis. Our study suggests a possible link between the modulation of chromatin status and the accumulation of meiotic DSBs in mammals. Our data also suggest that YY1 plays an important role in meiotic DSB repair, which facilitates proper meiotic recombination and homolog segregation. Taken together, our findings identify YY1 as a regulator of mammalian meiosis and therefore provide insights into this important biological process.
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